Soil is central to human wellbeing through its provision of critical ecosystem services, including food and clean water. These services emerge through the self-organising nature of the soil system. Here, we consider the lessons learnt from the evolution of the understanding of human and ecosystem health for the conceptualisation and application of soil health. We share the fundamental and practical challenges of managing the land with respect to soil health, and the need for policy to drive the protection of soil as one of our most important non-renewable natural resources.
Introduction
Soil is central to human wellbeing, because it provides food, fibre, fuel, clean water and regulation of greenhouse gases. The sustained provision of these services and resources are central to our ability to feed the growing world population with not only sufficient calories but also nutrition to support human wellbeing. We are also at a time of cultural revolution worldwide, with a diet change towards higher animal product consumption in the world's emerging middle classes. One-third of global agricultural land and 26% of the world's land area are dedicated to the production of feed and grazing, respectively, amounting to 4 billion ha of the planet's land area being dedicated to raising livestock [1] . This demand for animal products puts tremendous pressure on soil's ability to support human health, food security and environmental targets of the 2030 Sustainable Development Goals and beyond. Nevertheless, securing those services and benefits from soil will be the key to humans continuing to live on this land [2] . These benefits from soil are emergent properties of soil, arising not only from the sum of its components but also as a result of the interaction among these components. In our attempt to capture the source of these benefits, we use the terms soil quality, soil fertility and soil health loosely and interchangeably. Here, we deliberate over the meaning of soil health, as it is currently and vaguely used, and how the understanding of human and ecosystem health-concepts which have evolved over a longer period of time-can help us create a more meaningful interpretation of soil health. Furthermore, through examples, we illustrate the fundamental and practical challenges to sustainably managing soil health.
Current Definitions of Soil Health
Soil health is currently defined via the following iterations: (1) "the capacity of a living soil to function, within natural or managed ecosystem boundaries, to sustain plant and animal productivity, maintain or enhance water and air quality, and promote plant and animal health" [3] , (2) "a healthy agricultural soil is one that is capable of supporting the production of food and fibre, to a level and with a quality sufficient to meet human requirements, together with continued delivery of other ecosystem services that are essential for maintenance of the quality of life for humans and the conservation of biodiversity" [4] , and (3) "the continued capacity of soil to function as a vital living ecosystem that sustains plants, animals and humans" [5] .
These definitions are anthropocentric in nature and adopt an ecosystem viewpoint of soil. While soil health, soil fertility and soil quality are used loosely and interchangeably in this paper, soil quality and soil fertility have longer histories of use and are particularly closely associated with agriculture. The definition of soil health has been relatively stable since the 2000s as indicated by the list of definitions collected by Mizuta et al. [6] , and efforts are now focused more on operationalising it in terms of developing an integrative approach to capturing soil health in its entirety and complexity despite the questions remaining about the concept itself. Given the developments in ecosystem health and human health, we believe it is worth revisiting the concept using lessons learnt from these two research areas. To be clear, we are focused on how we think conceptually about soil health through the lens of human health and ecosystem health. The current debate over the merits of using the term soil quality over the term soil health has many similarities to the debates over the concept of the term soil quality in the 1990s, and we refer our readers to Sojka and Upchurch [7] , Karlen et al. [8] , Karlen et al. [9] , Mizuta et al. [6] and Bünemann et al. [10] for in-depth explanations of the evolution of this terminology and the related concepts. We share the opinion expressed by Sojka and Upchurch [7] and Karlen et al. [8] that we must not let disagreement about terminology stand in the way of keeping our children and grandchildren fed, safe and healthy within the planetary boundary.
What Can Human Health Teach Us about Soil Health?
"If we take a man as he is, we make him worse; but if we take him as he should be, we help him become what he can be" -Wolfgang von Goethe Soil is a living system, and therefore, the basic requirements for the health of soil systems are similar to that of humans-they need an exchange of gases with the atmosphere, food and water for growth and maintenance and shelter from biological and physical threats. Using human health as a metaphor for soil has converted soil from being viewed as a stage, where anthropogenic actions have cascading consequences, to an actor, that is, a dynamical living system that can be tamed. With soil health, it is possible to consider the degraded system as transiently sick and capable of recovering its health. This way of thinking works well particularly with our wish to improve soil, whether it is for the purpose of food production or otherwise.
Taking a cue from the concept of holistic health, health is not simply the absence of disease but encompasses wellbeing [11] . The World Health Organisation defines health as "a state of complete physical, mental and social wellbeing, not merely the absence of disease or infirmity" [12] . The concept of health as applies to humans gives rise to two key challenges to the concept of soil health: (1) what are the measures of wellbeing in the context of soil, and (2) what are the baseline values of soil health? We know the healthy baseline of heart rate or blood pressure of a healthy person, but what can we say about soil health baselines? The baselines for soil health cannot be transferred automatically across different ecosystems. Can we divide soil health into ages/stages, as we do to mark the health of a human at different stages in life? Or do we break it down into the roles we want it to serve and the state of health it needs to serve that purpose?
While it is difficult to quantify soil health, the cost of the loss of soil health is perhaps somewhat simpler, if not easier, to conceptualise. The loss of soil health may manifest itself as land degradation, which the United Nations Convention to Combat Desertification defines as the following:
The reduction or loss of biological and economic productivity in rainfed cropland, irrigated cropland or range, pasture, forest and woodlands resulting from land uses or from a process or combination of processes, . . . such as: soil erosion caused by wind and/or water, deterioration of the physical, chemical and biological or economic properties of soil, and long-term loss of natural vegetation. [13] Global production loss in wheat, rice, maize and barley grain yields due to soil depletion of nitrogen, phosphorus and potassium were estimated to be 210, 491 and 433 Tg equivalent rice grain yield per year, respectively, in 2000 [14] . Qadir et al. [15] estimated that the costs of salt-induced crop yield loss in irrigated cropland was $27 billion in 2013. Overall, 1.5 billion people were estimated to live on degrading agricultural land in 2010 [16] . Land degradation is both a cause and a result of poverty [17] . Land degradation can also be a result of economic growth, through an economic system based on profit that neglects unrated and unpaid services, such as regulating services.
As these estimates indicate, we generally consider the meaning of soil health in the context of crop yield and food nutrition, even though we know soil is also an important sink of carbon, a source of pharmaceuticals, a water filter and one of the most biodiverse habitats. A healthy soil determined purely on its ability to supply goods is equivalent to measuring human health based on a person's ability to do work or a person's economic value as a member of the society. With respect to soil's wider role, how we measure it depends on the desired endpoint of soil management and the value of soil in the context of the local or regional sociocultural and environmental needs of the community. The human health metaphor is helpful in that it highlights the need to look more holistically at soil health. How we can translate physical fitness to overall wellbeing in soil is captured by some conceptual advances in ecosystem health theories.
What Can Ecosystem Health Teach Us about Soil Health?
A widely used definition of a healthy ecosystem is "one that is sustainable-that is, it has the ability to maintain its structure (organization) and function (vigor) over time in the face of external stress (resilience)" [18] . Based on this definition of a healthy ecosystem and considering that soil itself can be evaluated as an ecosystem, a healthy soil is able to maintain a certain level of structural (physical, chemical and biological) and functional integrity in a changing environment. This perspective of soil health presents us with a meaningful way to describe soil in its complex gestalt system form, bringing us closer to the wellbeing description of health.
The soil ecosystem in its complex gestalt system form is self-organising, that is, a system of feedback loops between the biological and physicochemical components [19] . It has been proposed that the self-organising nature of the soil system is controlled by a set of critically interconnected aggregate functions-carbon transformation, nutrient cycling, maintenance of soil structure and biological regulation of soil population [4] . The outcome of this self-organisation relies on the biological component evolving with the prevailing physicochemical conditions while leaning on and learning from its memory or historical legacy [20, 21] . Using the four critical processes mentioned by Kibblewhite et al. [4] , the rates of these processes relative to one another may be a way to measure the components of resilience, vigour and organisation for comparison of the relative health of similar ecosystems and to identify changes of interest to humans. One proxy measure of resilience proposed by Costanza and Mageau [18] is the ratio of gross primary production per unit respiration, whereby they hypothesised that a system that has more energy in reserve will recover more quickly and easily from disturbance. Recent global analysis by Bond-Lamberty and colleagues [22] examined the ratios of both heterotrophic and total soil respiration to gross primary production and found that both ratios have increased from 1990 to 2014. Following the hypothesis of Costanza and Mageau, this would suggest that soil in evergreen forests, deciduous forests, grassland and shrubland globally-managed or natural-is showing a trend of lower energy in reserve, and therefore, it is decreasing in resilience This concept of ecosystem health, which is quite similar to some iterations of the soil health definition currently used, indicates an operational problem. More specifically, Constanza and Mageau's definition [18] considers balance between organisation and resilience utmost and gives more flexibility to "a range of system vigor". An ecosystem with very high vigour is often in an early stage of ecosystem succession, and a climax ecosystem, such as a tropical rainforest, may have low resilience to large-scale disturbance [23] . As such, the balance amongst vigour, resilience and organisation means that compromise is necessary if we want to maximise one component of the system. This leads to practical challenges when we think of soil health, particularly where it is mostly used currently, that is, in agriculture.
The Practical Challenges of Operationalising Soil Health
When translated to how we manage soils for agriculture, soil management activities can be classified as actions to meet a human demand for a specific ecosystem service, which can be broadly classified into provisional, cultural and regulation services [24] . The respective actions are taken to retrieve, harvest or benefit more of one ecosystem service than would be provided naturally on the specific management level via the self-organising capacity naturally achievable on that scale. Consequently, soil management fosters specific soil functions by manipulating natural species competition, tilling, planting target species, applying pesticides and adding fertilisers or water, which would not be available on the target scale otherwise, or removing water (by artificial drainage) to improve/achieve suitable site conditions for target plants or target communities.
Agriculture achieves vigour by trading off organisation and resilience. Overall, soil management activities on a field scale change the evolutionary trajectory of ecosystem development in such a way that provisional services are preferentially provided by ecosystems kept in a juvenile state, cultural services are provided by ecosystems in an intermediate state and the provision of regulation services is most efficiently provided by ecosystems close to their potential climax state. Hence, soil management targeting higher yields unavoidably reduces the capacity of the respective ecosystem to provide cultural and regulation services. In the following, we use China to illustrate this practical conundrum.
In China, the grand challenge of feeding 1.3 billion people is the big driving force for grain production. However, the doubling of production from 300 million tonnes in 1978 to 621 million tonnes in 2015 was accompanied by a fivefold increase in chemical fertilizer inputs (a threefold and 11-fold increase in N and P fertilizers, respectively), which led to low efficiency of resource use and widespread soil degradation and environmental pollution [25, 26] . Soil is treated as a cultivating substrate without considering its inherent properties, such as its maximal potential for yield and carbon sequestration. Consequently, high fertilizer inputs undermine plants' biological potential to mine soil nutrients and combat plant pathogens, leading to a vicious cycle of more chemical inputs to support plant health. In this regard, the internal metabolism and immunity of the soil, which are similar to gut microbiome in the regulation of human health, need to be considered. From the perspective of ecosystem health, such a leaky system has low resilience and can easily collapse into degraded land, and the soil may have to be abandoned or restored at high costs.
The concept of soil health has been communicated to local Chinese farmers for several years. Despite this, the current environmental problems indicate that farmers remain focused only on crop yield. From experience in developed countries, we have observed that top-down policy drives the protection of soil before public awareness catches up and reaches the tipping point, where the farmers themselves become soil health advocates. At the start, farmers do not necessarily see nor understand the benefit of the protection of soil, but if given appropriate incentives, we can essentially buy time for the benefits to eventualise and become clear to farmers. To this end, a series of measures were taken by the Ministry of Agriculture of China. Some of the successful practical measures included conservation tillage, national soil testing and fertilizer recommendation (STFR), straw return and implementing a zero-growth plan in chemical fertilizer use [27, 28] . These policies that have achieved some degree of success in promoting soil health share common features-they are national policies with central investment and legal instruments that are matched with local governments' investment, enforcement and locally relevant concrete actions to implement the policies and willing farmers. The latter remains the most difficult factor to change in a country of 200-300 million smallholder farmers of diverse socioeconomic backgrounds. Subsidies in variable forms are critical, particularly in cash and fertilizers, as these smallholder farmers usually have low risk tolerance for change. These farmers also need to perceive clear gains, such as in the case of clear sky when straw was returned instead of burnt. Finally, these changes need to be perceived as socially acceptable, such as in the case of cover cropping in vineyards, where farmers were unwilling to implement change for fear of being perceived as lazy farmers by their community if the grounds were not kept clear of undergrowth.
As such, the successes of the past decade support the need to implement top-down policies to ensure soil health in China, as has occurred elsewhere in developed countries. The right policies will allow for the transformation of production-only driven agriculture into holistic green development and lifestyles for sustainable intensification and rural revitalisation. The ultimate goals are not only environmental protection and food security but also allowing rural society to achieve a better quality of community life and a sense of wellbeing, summarily known in China as green input, green cultivation, green products, friendly environment and happy people.
Concluding Thoughts
The use of the term soil health has evolved from the capacity of an anthropogenic system for intention and foresight, technology and communication and the recognition of the self-organising nature of soil ecosystems. As a system with multiple stakeholders, this form of meaningful analogy has and will continue to aid in communication and problem-solving as people identify strongly with the concept of health. The philosophy of soil health still requires discussion, despite over two decades of use. The choice of a definition reflects aspects of health that we value, but what we value and expect are not necessarily realistic. This is demonstrated by the challenge of operationalising soil health even within the narrow context of cropland. As a means to an end, soil health has served an important purpose to enable soil scientists to reach out to policymakers and the public. But the ends ultimately require top-down policy-driven changes to manage soil health for the common good, or we risk the tragedy of the commons.
